Background: The inflammatory biomarker YKL-40 seems to play a role in atherosclerosis and is elevated in patients with obesity, cardiovascular disease and type 2 diabetes. Single nucleotide polymorphisms (SNPs) of the YKL-40 encoding gene, CHI3L1, are associated with inter-individual YKL-40 levels. One study has described an association between a promoter polymorphism of CHI3L1 and levels of low density lipoprotein. The objective of this study was to evaluate the influence of YKL-40 on lipid parameters by determining the association between polymorphisms of CHI3L1, serum YKL-40 and levels of the differentiated lipid profile in a Danish general population.
Introduction
Obesity and dyslipidemia are associated with the development of atherosclerosis [1] , cardiovascular disease (CVD) [2] , insulin resistance and type 2 diabetes (T2D) [3] . Several studies document that elevated levels of triglyceride and low density lipoprotein (LDL) as well as decreased levels of high density lipoprotein (HDL) are major risk factors for the development of CVD [4] [5] [6] . Moreover, elevated levels of free fatty acids (FFA) are closely linked to insulin resistance and the development of T2D [7] , possibly due to the activation of the innate immune system and the establishment of a low grade inflammatory state [6] [7] [8] . Morbid obesity is characterized by low grade inflammation with elevated levels of several inflammatory markers [9] , and an increased risk of CVD as well as T2D [10] .
The inflammation marker YKL-40, also named chitinase-3-like-1 (CHI3L1) is elevated in patients with CVD [11, 12] and in patients with type 1 diabetes (T1D) [13] and T2D [14] . In T2D patients and in patients with stable coronary artery disease (CAD), YKL-40 is correlated with FFA and triglyceride levels [14, 15] , and in morbidly obese patients YKL-40 declines after weight loss [16] . However, no significant correlation with BMI [14, 16, 17] has been demonstrated.
Studies of single nucleotide polymorphisms (SNPs) of the YKL-40 encoding gene, CHI3L1, have documented that genetic variations of CHI3L1 influence YKL-40 serum levels in healthy subjects [18, 19] and in patients with various inflammatory diseases [18] [19] [20] [21] . It has been suggested that polymorphisms of CHI3L1 could have an impact on the prevalence and severity of CAD [19] , but this remains to be fully elucidated. However, a single study has described an association between a promoter polymorphism of CHI3L1 (rs946261) and LDL levels in a Korean population [22] .
The objective of the present study was to investigate the possible influence of YKL-40 on lipid levels, and the association of genetic variations of the CHI3L1 locus with serum YKL-40 levels and parameters of the lipid profile in two groups of the Danish population.
Methods
The MONICA-10 population From 1982 to 1984 the Danish MONICA 1 population study was conducted at the Research Centre for Prevention and Health, Copenhagen University Hospital, Glostrup. This study was part of the Danish contribution to the international MONICA project (MONItoring trends and determinants of CArdiovascular disease). In total, 4,581 individuals of Danish origin, born in 1923, 1933, 1943 and 1953 , were randomly selected from 11 municipalities within Copenhagen County. 3,785 individuals (79%) participated. From June 1993 to December 1994, 4,130 former participants were re-invited for the MONICA-10 study, and of those, 2,656 (64%) accepted. These individuals were now 41-43, 51-53, 61-63 or 71-73 years of age [23] [24] [25] .
All individuals participated in the subsequent clinical examinations, performed in one day for each person, and completed a selfadministered questionnaire concerning medical history, intake of medication and lifestyle. A trained nurse retrieved anthropometric measures. Waist-hip ratio was calculated according to WHO guidelines [26] . Mean blood pressure was calculated on the basis of two measurements of arterial blood pressure, measured in the sitting position with a random zero mercury sphygmanometer. Heart rate was counted over 15 seconds and calculated per minute. Insulin resistance was determined by HOMA (http://dtu. ox.ac.uk/homacalculator/index.php).
Fasting blood samples were obtained, and the lipid profile and inflammatory markers were measured as previously described [24, 27] . Serum YKL-40 was analysed using a commercial ELISA assay (Quidel, USA), measuring range 20 to 300 ng/ml. Serum high-sensitive C-reactive protein (hsCRP) was analysed using a particle-enhanced immunoturbidimetry assay (Roche/Hitachi), measuring range 0.1-20 mg/l (lowest detection limit 0.03 mg/l). The lipid profile was measured using enzymatic colorimetric methods (Roche, Mannheim, Germany) [27] . 12 SNPs of CHI3L1 were genotyped.
Population for replication studies
Replication of the main findings regarding the association between the CHI3L1 SNPs and lipid parameters was investigated in another population: the Inter99 population. The study design and characteristics of the participants have previously been described in detail [28] . In brief, an age-and sex-stratified random sample of 13,016 men and women born in 1939- 40, 1944-45, 1949-50, 1954-55, 1959-60, 1964-65, 1969-70 and living in 11 municipalities in the South-Western part of the former Copenhagen County was drawn from the Civil Registration System and invited to a health examination. A total of 12,934 persons were eligible for invitation of whom 6,784 (52.5%) participated. In general the participation rate was higher in women than in men, and it increased with increasing age. In addition, non-responders had more hospital admissions related to chronic diseases like diabetes and cardiovascular disease [24] . The examinations of participants in this study were completed from March 1999 through January 2001. The health examination included a self-administered questionnaire, a physical examination, and various blood tests. The lipid profile was measured using enzymatic techniques (Boeringer Mannheim, Germany) [28] , and 11 SNPs of CHI3L1 were already genotyped for a previous study [29] . Only participants with a Northern European origin were included in the current study (n = 6,405). Information on current and former nationalities of participants as well as their parents was obtained from Statistics Denmark and from the selfadministered questionnaire. A Northern European origin was defined as a Danish, Norwegian, Swedish, Icelandic, or Faroese nationality. A non-Northern European origin was defined as nationalities other than the above mentioned. Both current and potential former nationalities of participants and their parents were considered.
Ethics Statement
The MONICA-10 study and the Inter99 study were approved by the Local Ethics Committee of Copenhagen County (KA-04130 and KA 98155, respectively). Both studies were conducted in accordance with the Helsinki Declaration, and all participants gave informed written consent to participation.
Definitions
Persons smoking one or more cigarettes/cigars/pipes a day were classified as smokers; all others were classified as nonsmokers. Hypertension was defined as systolic blood pressure $140 mmHg, diastolic blood pressure $90 mmHg or use of antihypertensive drugs. Hypercholesterolemia was defined as use of cholesterol lowering drugs or a baseline serum cholesterol level .5 mmol/l. Low HDL was defined as serum HDL ,1.0 mmol/l for men and ,1.2 mmol/l for women.
Genotyping of single nucleotide polymorphisms (SNPs) in the CHI3L1 gene
The participants were genotyped for SNPs in the CHI3L1 gene. A region 22 kb upstream and 10 kb downstream of CHI3L1 was chosen from the HapMap project (www.hapmap.org) and HapMap Data Rel 21a/phasell jan07, on NCBI assembly, dbSNP b125, was used for the SNP selection. For the MONICA-10 population, a total of 12 tgSNPs located in the region 14 kb upstream to 2 kb downstream of CHI3L1, covering all linkage disequilibrium (LD) blocks in CHI3L1, were genotyped. For the Inter99 population, 11 of the 12 SNPs were genotyped. TAGGER [30] chose these SNPs as the most informative in the chosen +22 kb -210 kb region. TAGGER was used with a 5% minor allele frequency (MAF) cut off and aggressive tagging, i.e. r 2 .0.8. Genotyping of both the MONICA-10 and Inter99 populations was performed using KBiosciences allele-specific PCR (KASPar) (KBioscience, Herts, UK) with a success rate .97.4%. Genotype distribution obeyed Hardy Weinberg equilibrium (HWE), all p.0.14 using Genepop v4.0.10 [31] 
Statistical analyses
Analyses were performed using the statistical software package SPSS 18.0 (SPSS inc., Chicago, Il, USA) for the MONICA-10 population and SAS, version 9.3 (SAS Institute Inc. Cary, NC USA) for the Inter-99 study. P-values were two-sided, and p-values,0.05 were considered statistically significant. Continuous variables were presented as mean (standard deviation (SD)) if they were normally distributed (BMI, WHR, BP, total cholesterol, LDL, HDL) or median (inter quartile range (IQR)) if they had a non-Gaussian distribution (triglyceride, YKL-40, hsCRP). Categorical variables were presented as numbers (%). If data had a non-Gaussian distribution as revealed by P-Plot, data was logarithmically transformed using the natural logarithm before implemented in further statistical analyses.
For the MONICA-10 population the following analyses were performed: All baseline characteristics were analysed and presented according to YKL-40 quartiles. Categorical data were compared using the chi-square test for k independent samples, and continuous data were compared with One-Way ANOVA. Analyses of correlations between YKL-40 and lipid parameters were performed as a backward regression analysis with adjustment for gender, age, alcohol, hypertension, waist-hip ratio, plasma glucose, CRP and insulin resistance, and results were reported as b coefficients with 95% confidence intervals (95% CI). The odds ratios (OR) of hypercholesterolemia and low HDL according to YKL-40-quartiles were determined by logistic regression with adjustment for age and gender. The association between polymorphisms of CHI3L1 and prevalence of hypercholesterolemia and low HDL was similarly examined by logistic regression analyses with adjustment for age and gender, and presented as OR (95%CI).
For the MONICA-10 and the Inter99 population the association between polymorphisms of CHI3L1 and parameters of the lipid profile was examined in linear regression models with adjustments for age and gender, where the SNPs were tested as categorical variables. The Bonferroni method was used to adjust for multiple comparisons. The results of the adjusted p-values are reported in the text of the results section.
Results
Baseline characteristics according to YKL-40 quartiles are presented in Table 1 . There were more men and older individuals Single nucleotide polymorphisms of CHI3L1 Table 2 presents the relationship between 12 SNPs of CHI3L1 and levels of lipid parameters and YKL-40 for the MONICA-10 population. P-values are derived from linear regression models with adjustments for age and gender. All SNPs presented MAFs .5% except for rs4950930 (MAF = 4.7%). Rs12123883 genotypes presented statistically significant differences in triglyceride levels. A median triglyceride value of 1.7 (IQR 1.2; 2.3) mmol/l was seen with minor allele homozygosity, compared to 1.2 (IQR 0.9; 1.7) and 1.1 (IQR 0.9; 1.6) mmol/l for major allele homozygosity and heterozygosity, respectively (p = 0.022). This SNP also presented a significantly higher YKL-40 level with minor allele homozygosity (84 [IQR 55; 233] ng/ml) compared to major allele homozygosity (56 [IQR 40; 84] ng/ml) and heterozygosity (58 [IQR 43; 86] ng/ ml) (p = 0.001). Rs872129 presented with a significantly higher level of total cholesterol for minor allele homozygosity with a mean value of 6.7 (SD 1.1) mmol/l, compared to 6.1 (SD 1.1) mmol/l for both of the other genotypes (p = 0.021). Triglyceride levels were also higher in minor allele homozygote with a median value of 1.3 (IQR 1.1;1.6) mmol/l, compared to 1.2 (IQR 0.9;1.7) mmol/l for major allele homozygote and 1.2 (IQR0.8;1.7) mmol/l for allele heterozygote, respectively (p = 0.022). However, this SNP presented with the highest YKL-40 level with allele heterozygosity (64 [IQR 45; 100] ng/ml) compared to minor allele homozygosity (60 [IQR 47; 112] ng/ml) and major allele homozygosity (55 [IQR 39; 82] ng/ml), respectively (p,0.0001). None of the remaining SNPs presented with significant differences in alleleassociated lipid levels. Except for one SNP (rs4950930) all of the remaining SNPs showed statistically significant differences in YKL-40 levels between genotypes (p,0.0001 for all). When adjusting for multiple comparisons by the Bonferroni method, only the p-values from analyses regarding YKL-40 remained statistically significant, except for rs12123883 (p = 0.06).
Correlations between SNPs of CHI3L1 and lipid levels were examined in linear regression models with adjustments for age and gender. Rs2886117 was weakly correlated with total cholesterol levels (b = 20.11 change per allele, p = 0.020) and LDL levels (b = 20.09 change per allele, p = 0.044). None of the other SNPs correlated with the lipid parameters. Table 3 presents the prevalence and risk of hypercholesterolemia and low HDL according to the 12 SNPs of CHI3L1 for the MONICA-10 population. Minor allele homozygosity of rs12123883 (p = 0.012) and major allele homozygosity of rs872129 (p = 0.05) were associated with a higher prevalence of low HDL compared to the other genotypes. Table 4 presents the 11 SNPs of CHI3L1 for the Inter99 population and the associated levels of the lipid parameters (rs946263 was not analysed). In this population, none of the SNPs presented with statistically significant differences in triglyceride levels. However, rs872129 presented with the lowest values of total cholesterol in minor allele homozygosity (5.1 [SD 0.8] mmol/l) compared to 5.6 (SD 1.1) mmol/l for major allele homozygote and 5.5 (SD1.1) mmol/l for allele heterozygote,(p = 0.048). Rs871799 also presented with statistical differences in levels of total cholesterol with the lowest value in homozygote for the minor allele (5.2 [SD 1.0] mmol/l) compared to 5.6 (SD 1.1) mmol/l for major allele homozygote and 5.5 (SD 1.1) mmol/l for allele heterozygote (p = 0.037.). Rs871799 had the lowest values of LDL in the minor allele homozygote (3.2 (SD 0.9) mmol/l) compared to 3.5 (SD 1.0) mmol/l and 3.5 (SD 0.9) mmol/l for major allele homozygosity and allele heterozygosity (p = 0.022). When adjusting for multiple comparisons by the Bonferroni method, none of the p-values remained statistically significant.
Discussion
This population study is the first of this size to investigate the associations between SNPs of the YKL-40 encoding gene CHI3L1, levels of the encoded glycoprotein YKL-40 and the differentiated lipid profile. In 2,656 adult Danes we documented that increasing YKL-40 levels were associated with increasing levels of total cholesterol and triglycerides as well as a higher prevalence of hypercholesterolemia and low HDL. We also found a positive correlation of YKL-40 with triglyceride as well as with total cholesterol levels and a higher risk of hypercholesterolemia within the 4 th YKL-40 quartile. A positive correlation was also found between YKL-40 and HDL (b = 0.04, p = 0.001); however, the low b-value makes it difficult to draw any conclusions from this result, and it is interpreted as a chance finding. We did not find a correlation of YKL-40 with LDL levels.
Obesity and dyslipidemia are known risk factors of atherosclerosis [1] , CVD [32, 33] and T2D [10] , possibly through the initiation of inflammatory processes. The documentation of elevated YKL-40 levels in patients with CVD [11, 12] and T2D [11] as well as the observation of higher YKL-40 levels in patients with obesity [16] has nourished our hypothesis that YKL-40 might be involved in the development of dyslipidemia. In the very first study documenting elevated YKL-40 levels in patients with T2D, we also described an association of YKL-40 with levels of triglycerides and FFA [14] . Previously, it has been documented that a high-fat meal induces systemic low-grade inflammation, triggered by bacterial lipopolysaccharide (LPS) from the gut microbiota, which, in turn, leads to lipolysis [34, 35] , perhaps partly mediated by the pro-inflammatory cytokine Interleukin 6 [36] . It has been suggested that the LPS-induced lipolysis could reinforce the expression of inflammatory cytokines, creating a 'vicious circle' towards lowgrade inflammation, dyslipidemia and atherosclerosis [37] . YKL-40 has been shown to initiate the mitogen-activated protein kinase (MAPK) and phosphoinoside-3-kinase (PI3K) signaling pathways in fibroblasts [38] , and we speculate if YKL-40 could somehow have a lipolytic effect, directly or indirectly, on the adipocytes, and thereby increasing the plasma levels of the atherogenic lipids.
YKL-40 is considered a marker of inflammation and endothelial dysfunction [39, 40] , with a possible function in the development of atherosclerosis [41] . However, the role of YKL-40 in atherosclerosis and atherosclerotic plaque formation is not clear. YKL-40 is thought to be important in the activation of monocytes and their formation into macrophages [42, 43] , and to facilitate their transformation into lipid laden foam cells, thereby initiating the first step of plaque-formation [41] . Michelsen et al found that serum YKL-40 levels were significantly elevated in patients with carotid atherosclerosis, with particularly high levels in those with symptomatic disease [44] . In vitro studies documented that stimulation with YKL-40 increased matrix metalloproteinase-9 levels in THP-1 monocytes and in peripheral monocytes from healthy donors [44] . This suggests that YKL-40 could be considered a marker of plaque instability, perhaps reflecting the activation of macrophages and matrix degeneration within the atherosclerotic plaque [44] .
Previously, a positive association between YKL-40 levels and triglyceride levels has been reported in participants of the Copenhagen City Heart Study. In that study, consisting of 8,899 Danes representative of the general Danish population [45] , an increased risk of ischemic stroke and ischemic cerebrovascular Variations of CHI3L1, YKL-40 Levels and Lipids PLOS ONE | www.plosone.orgdisease was found with elevated levels of YKL-40. However, in contrast to our findings, the study did not find higher levels of total cholesterol with the highest YKL-40 levels [45] .
Other studies have documented positive correlations between YKL-40 and triglyceride levels in patients with T2D and stable coronary artery disease [14, 15, 46] , and we have previously documented a strong association of YKL-40 with total cholesterol and LDL levels in patients with T2D [46] . The last-mentioned study included 105 patients with T2D, of whom more than half had various degrees of kidney disease. These patients may therefore have had a larger burden of low grade inflammation compared to healthy individuals, and may not be directly comparable to the participants in the present study [46] . In another study of 200 patients with various degrees of CAD, Kucur et al found a positive association between YKL-40 levels and the number of diseased vessels. There was no difference between groups regarding levels of triglycerides, cholesterol, LDL or HDL, and no correlation between lipids and YKL-40 levels [47] . Though it is not described, it could be expected that most of these patients were treated with lipid lowering drugs. Moreover, the number of participants was rather small compared to our study, which also makes comparisons of the results difficult. However, the lack of a positive association between plasma YKL-40 levels and lipids could also mean that YKL-40 plays a role in the development of atherosclerosis independently of dyslipidaemia, which is in contrast to our hypothesis. We found a significant increase of BMI and WHR with increasing YKL-40 quartiles, and BMI was found to correlate positively with YKL-40 when adjusting for age and gender. However, when adjusting for additional determinants of YKL-40, we found a negative correlation instead, which is probably due to the fact that some of these determinants also correlate with each other. We found no significant correlation between WHR and YKL-40. Previously, we have found a positive correlation between YKL-40 levels and BMI in small groups of lean, obese and morbidly obese subjects (unpublished data). Other studies have not been able to document correlations between YKL-40 and BMI [14, 16, 17, 48] . However, higher YKL-40 levels have been found in morbidly obese patients compared to lean subjects [16, 49] , and even higher levels are seen in morbidly obese patients with T2D [49] . One study found that YKL-40 levels decreased significantly after bariatric surgery [16] , whereas another study found a significant reduction in YKL-40 only after diet-induced weight loss and not after weight loss obtained by bariatric surgery [49] . This could be explained by the lack of a significant decrease in WHR and a higher post-intervention BMI in the group undergoing surgery compared to the group with diet-induced weight loss [49] . YKL-40 mRNA and protein levels have been found to be up-regulated in visceral adipose tissue in obese T2D patients compared to obese patients with normal glucose tolerance and lean subjects [49] .
In the MONICA-10 population, we demonstrated that individuals presenting with minor allele homozygosity of rs12123883 had more than 40% higher triglyceride levels compared to individuals with either major allele homozygosity or heterozygosity. Similarly, individuals with minor allele homozygosity also had a more than twice as high prevalence of low HDL and a significantly higher median YKL-40 level. This could indicate that YKL-40 is expressed in higher concentrations in some genotypes, and could influence the development of dyslipidemia. However, only 13 participants (0.5%) were homozygote for the minor allele of rs12123883, which could indicate that the findings were random, and, in addition, we were not able to replicate the findings of higher triglyceride levels of minor allele homozygosity of rs12123883 in the Inter99 population. Plasma YKL-40 levels were not measured in the Inter99 population, which makes us unable to assess, whether the lack of a difference in lipid levels within the different genotypes is due to a lack of difference in YKL-40 levels. We found rather large discrepancies regarding the lipid levels between the two populations which may be due to the fact that different methods of analyses were used [24, 27, 28] . The variations of the lipid levels within each population were rather small, and the observed differences could be attributed to chance.
Several studies on SNPs of the YKL-40 encoding gene, CHI3L1, have documented that genetic variations of CHI3L1 have an impact on circulating YKL-40-levels, both in healthy adults [18, 19] as well as in individuals with asthma [20] , sarcoidosis [21] , rheumatoid arthritis [18] and CAD [19] . It has also been hypothesized that variations of CHI3L1 could even be associated with the development of CVD, but this is yet to be documented [19] . A study of 290 Koreans has shown significant associations between a promoter SNP of CHI3L1 (rs946261) and levels of serum LDL, a major risk factor for the development of atherosclerosis. It was found that heterozygotes and major allele homozygotes of rs946261 had significantly higher LDL concentrations compared to minor allele homozygotes [22] . Unfortunately our analysis did not include rs946261. However, it is difficult to draw direct comparisons between Asian and European populations. Firstly, the alleles are not distributed equally in the two populations (http://www.ncbi.nlm. nih.gov/projects/SNP/snp_ref.cgi?rs = 946261). Secondly, the lipid profile differs [50, 51] , partly because of a difference in dietary habits, but perhaps also due to other regulatory mechanisms, such as hepatic lipase, with an impact on LDL levels [50] .We were not able to demonstrate an association between any of the 12 SNPs we investigated and LDL levels.
Even though we found associations between YKL-40 levels and lipid levels, and between SNPs of CHI3L1 and YKL-40 levels, we did not find convincing or reproducible associations between SNPs of CHI3L1 and lipid levels, as would be expected if there were a causal link between elevated YKL-40 levels and the development of dyslipidemia. The most plausible explanation for this is that the positive associations between YKL-40 and lipid levels are not in fact causal. The finding of the positive associations is perhaps due to confounders or reverse causation and not to a direct influence of YKL-40 on the development of dyslipidemia. The high levels of YKL-40 found in individuals with elements of dyslipidemia and obesity could be caused by other factors, such as a larger burden of low grade inflammation in these individuals. Another explanation for the strong associations between YKL-40-and lipid levels but lack of associations between SNPs of CHI3L1 and lipid levels could be that the SNPs investigated were not the functional SNPs directly determining the YKL-40 levels. Thus, further studies are needed to address this particular issue. Finally, we have to consider the size of our population as an explanation for the missing effect of variations of CHI3L1 on the lipid levels. Perhaps it would be possible to document an effect with a larger population. This is a cross sectional study regarding YKL-40 and lipids, which makes it difficult to differentiate, whether the observed associations are a matter of cause and effect or just coincidental associations. Secondly, one of the problems with genetic association studies is the risk of type 1 errors [52] , which may explain the significant correlations between the SNPs of CHI3L1 and lipid levels in the MONICA-10 population. To address this issue, we sought to replicate the findings in a similar population from the Inter99 study. However, it is a general problem with this type of study that positive results in one population turn out to be nonreproducible in the replication population, regardless of how well matched these populations may be [52] .
In conclusion, we found a positive correlation of YKL-40 levels with triglyceride-and total cholesterol levels. We also found associations between certain SNPs of the YKL-40 encoding gene, CHI3L1, and serum YKL-40 levels. Positive associations between SNPs of CHI3L1 and lipid levels were found, but could not be replicated in a similar but larger population, and therefore we cannot make any conclusions about the possible role of YKL-40 in the development of dyslipidemia. Further studies are needed to elucidate this.
